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Kenefick RW, Cheuvront SN, Elliott LD, Ely BR, Sawka MN.
Biological and analytical variation of the human sweating response:
implications for study design and analysis. Am J Physiol Regul Integr
Comp Physiol 302: R252–R258, 2012. First published November 9,
2011; doi:10.1152/ajpregu.00456.2011.—Appropriate quantification
of analytical and biological variation of thermoregulatory sweating
has important practical utility for research design and statistical
analysis. We sought to examine contributors to variability in local
forearm sweating rate (SR) and sweating onset (SO) and to evaluate
the potential for using bilateral measurements. Two women and eight
men (26 � 9 yr; 79 � 12 kg) completed 5 days of heat acclimation
and walked (1.8 l/min V̇O2) on three occasions for 30 min in 40°C,
20% RH, while local SR and SO were measured. Local SR measures
among days were not different (2.14 � 0.72 vs. 2.02 � 0.79 vs.
2.31 � 0.72 mg·cm2·min�1, P � 0.19) nor was SO (10.47 � 2.54 vs.
10.04 � 2.97 vs. 9.87 � 3.44 min P � 0.82). Bilateral SR (2.14 �
0.72 vs. 2.16 � 0.71 mg·cm2·min�1, P � 0.56) and SO (10.47 � 2.54
vs. 10.83 � 2.48 min, P � 0.09) were similar and differences were �
1 SD of day-to-day differences for a single forearm. Analytical
imprecision (CVa), within (CVi)-, and between (CVg)-subjects’ coef-
ficient of variation for local SR were 2.4%, 22.3%, and 56.4%,
respectively, and were 0%, 9.6%, and 41%, respectively, for SO. We
conclude: 1) technologically, sweat capsules contribute negligibly to
sweat measurement variation; 2) bilateral measures of SR and SO
appear interchangeable; 3) when studying potential factors affecting
sweating, changes in SO afford a more favorable signal-to-noise ratio
vs. changes in SR. These findings provide a quantitative basis for
study design and optimization of power/sample size analysis in the
evaluation of thermoregulatory sweating.

sweating rate; reproducibility; exercise-heat stress; sweating onset

A FUNDAMENTAL CHALLENGE IN the study of human integrative
physiology is in the identification and quantification of the
many sources of human variability. Differences in the inter-
pretation of an experimental effect (signal) depend largely on
the measurement variability (signal-to-noise ratio), particularly
where purely statistical conclusions are drawn. This is espe-
cially true in the study of thermoregulatory sweating where
modifying factors, such as circadian rhythm (36, 37), sex
hormones (19), hydration status (23), sleep (32), acclimation
(1, 36), exercise intensity (23), and fitness status (16) must be
taken into account. These factors represent preanalytical influ-
ences that researchers must control to properly reveal the
functional role that other variables (e.g., drugs, age, exercise,
etc.) have on thermoregulatory sweating (3). However, less
appreciated are the random day-to-day fluctuations in sweating
that exist within (CVi), and between (CVg) humans owing to
analytical (CVa) and inherent biological measurement varia-

tion. Just as the systematic study and control over preanalytical
factors has helped shape, our understanding of thermoregula-
tory sweating, quantitative assessment of analytical and bio-
logical variation in sweating may also have important practical
utility. Indeed, appropriate calculation of statistical power
and/or sample size requires accurate information about vari-
ability from these three sources.

Modern ventilated sweat capsules commonly used in exper-
imental research (8, 22, 28, 34, 39) can be placed at multiple
skin sites (e.g., arm, leg, chest, back) and can be used in
conjunction with other physiologically relevant measures.
However, the contribution of modern ventilated sweat capsules
to biological variation in sweating has never been determined
despite their common use. Knowledge of CVa is important,
particularly in experimental research, as it represents the bias
introduced by the instrument itself each time a measurement is
made (9). Yet the accuracy and precision of sweat capsules are
unreported and the measurement reproducibility of a fixed,
calibrated sweating rate (SR) could be affected by hysteresis or
other factors associated with sweat capsule technologies (13).
Additionally, determination of the CVi and CVg allows quan-
tification of the random biological noise in sweating, exhibited
day to day, even after controlling for preanalytical factors.
According to Brengelmann et al. (3), the reproducibility of any
thermoregulatory effector response is a key to understanding
the potential effects of other variables on that parameter.
Biological variation not only quantifies measurement repro-
ducibility, it also affords a probabilistic interpretation of the
effect magnitude of any measured change in sweating (9). The
potential utility of using biological variation to understand
thermoregulatory sweating may have important practical utility
for research study design (15), statistical analysis, sample size
estimates, and the likelihood of type I and type II error
commissions (21).

In addition to studying the variation in local sweating within
and between subjects using the same locus of measurement, we
also sought to determine the magnitude of potential differences
in sweating between bilateral sites on the ventral forearms.
Large differences in regional SRs among body sites have been
reported (26, 27). If significant differences in local sweating
exist between bilateral regions, it could affect the experimental
design of investigations studying sweating, particularly those
utilizing interventional treatments. However, if differences in
SRs measured simultaneously between arms receiving the
same sudomotor stimulus are no larger than day-to-day varia-
tion for the same arm, simultaneous bilateral measures could
be made using one limb as a control. Two particular examples
include the study of the latency period that extends between
sweat gland stimulation and sweat emergence (4), which re-
quires consideration of sweat gland priming (3, 25), and the
study of the potential impact of topical skin protectants on
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sweating (11, 17). In fact, bilateral symmetry of the forearm
sweating response has been assumed when using one forearm
as the control while studying pharmacologically induced
sweating in the other forearm (38).

Thus, the purpose of this study was to examine the compo-
nents of biological variation for local steady-state forearm SR
and sweating onset (SO) and their application for the future
study of thermal physiology. Additionally, we sought to com-
pare bilateral local forearm SR and SO simultaneously to
determine the utility of comparing bilateral measures when it
would be helpful to study design.

MATERIALS AND METHODS

Subjects. Ten healthy military volunteers (8 men and 2 women)
participated in this study (age, 26 � 9 yr; height, 176.4 � 10.0 cm;
weight, 79.9 � 12.9 kg; body fat, 16.8 � 8.6%; body surface area,
2.0 � 0.2 m2). Appropriate institutional review boards approved this
study. Before participation, each volunteer attended briefings inform-
ing them of the purpose of the experiment and possible risks and
completed a written informed consent document. Investigators ad-
hered to policies for protection of human subjects as prescribed in
Army Regulations 70-25 and US Army Medical Research and Mate-
riel Command Regulation 70-25. The research was conducted in
adherence with the provisions of 45 Code of Federal Regulations
Part 46.

Experimental design and testing. The volunteers were partially heat
acclimatized as the study was conducted in the summer months and
the volunteers participated in military physical fitness programs.
Volunteers completed a 5-day heat-acclimation protocol to minimize
day-to-day variability in sweating within volunteers (i.e., changes in
sweating due to acclimation/adaptation), in addition to improving
exercise-heat tolerance and reducing the risk of heat exhaustion (33).
Heat acclimation consisted of five consecutive days of 100-min
treadmill walks (1.56 m·s�1, 4% grade; 1.6 l/min V̇O2 or 545 watts) in
45°C, 20 � 2.0% RH, 1 m·s�1 wind speed. Volunteers wore the Army
Improved Physical Fitness Uniform or equivalent (shorts and t-shirt;
clo � 0.56, im/clo � 0.81). During heat acclimation and all experi-
mental testing sessions, heart rate (HR) and rectal temperature (Tre)
were measured every 10 min using a Polar HR monitor (model Polar
a3; Polar Electro, Woodbury, NY) and a telemetric temperature sensor
(VitalSense Jonah ingestible capsule; Minimitter, Bend, OR) inserted
8–10 cm (length of gloved index finger) beyond the anal sphinc-
ter (18).

Following heat acclimation, volunteers performed three experimen-
tal trials separated by 3 to 5 days. Subjects continued their normal
physical fitness program on the days between trials. Each experimen-
tal trial consisted of standing for 20 min, followed by walking for 30
min (1.6 m·s�1, 5.0% grade; 645 watts) on a treadmill windward to 1
m·s�1 wind speed, in a 40°C, 20% RH environment. This hot-dry
environment was selected to maximize heat loss via evaporative
sweating. In addition, the vapor pressure difference between moist
skin and the ambient air was designed to be kept above the critical
value (Pcrit) for constant evaporation (2) to reduce skin wettedness and
prevent sweat drippage from the skin. During each of the three trials,
local measures of SR and SO were made on the same forearm.
Sweating measures on both the right and left forearms were made
during two trials. All trials were performed at the same time of day to
control for circadian fluctuations in body temperature and other
biological variables (37). Volunteers wore Army Combat Uniforms
with sleeves rolled up to the elbow (forearms exposed; clo � 1.37,
im/clo � 0.34) and running shoes during each of these trials, and no
fluids were provided during the trials. The women who participated in
the study were anovulatory; thus it was not necessary to control for
menstrual cycle phase. Volunteers were given 2 liters of commercial
sports drink to consume the evening before each experimental trial.

One liter was consumed in the presence of an investigator in the
evening and consumption of the second liter was verified on the
morning of each trial. In addition, following each experiment, fluids
lost were replenished (commercial sports drink) with fluid intake, such
that subjects were rehydrated within 1% of initial body mass before
leaving the laboratory.

Measurement description. Local steady-state SR and SO were
measured from an automated enclosed ventilated 15.9 cm2 capsule
containing a microhumidity sensor (Honeywell HIH 4010) and a YSI
2.252 k� thermistor for temperature measures (13). This commonly
used capsule technology (8, 22, 28, 34, 39) uses a polymer film with
a dielectric constant that changes as a function of relative humidity.
Pilot work in environmental conditions and work rates under which
testing occurred were used to determine the capsule ventilation rate of
1.5 l/min via a rotameter (Aalborg, Orangeburg, New York) and the
vapor pressure within the capsule. Room humidity was measured with
a similar capsule hung near the volunteer. Before entering the envi-
ronmental chamber, the midpoint of both the right and left ventral
forearm (between the antecubital space and the wrist) was determined
and cleaned with an alcohol pad, and a �15.9-cm2 circle was drawn
with the midpoint as its center. Volunteers then entered the environ-
mental chamber where the capsules were then affixed using Velcro
straps placed around each forearm to the predrawn circle for the
measurement of local forearm SR.

Local SRs were calculated (in g·cm�2·min�1) as: SR � (�H2O)(AF)/
(Rw·A·T) where �H2O � water vapor pressure gradient (arm capsule
vs. capsule in chamber, Torr), where AF is capsule air flow (l/min),
Rw is gas constant for water vapor (3.464 Torr·l·g·K�1), A is area of
capsule enclosing skin site (cm2), and T is absolute room air temper-
ature (K), as originally described (13). Values were then multiplied by
103 to give mg·cm�2·min�1. A 30-s sampling rate was selected, as
this interval is well within the latency period that extends between
sweat gland stimulation and sweat emergence (4). It also represents a
fair tradeoff between sample frequency and sample noise (5). Local
sweating measures were begun after 10-min of standing in the test
environment to allow stable rest conditions. Steady-state SR was
calculated as the average SR over the final 5 min of exercise. To
compare local SR and SO responses over time between the right vs.
left arm, the area under the curve (AUC) for the entire local sweating
response (comprised of final 10 min of standing rest and the 30-min
of walking) was calculated using the trapezium rule [�SR (t) dt].
There is no consensus methodology in the literature for analysis of
sweating sensitivity and interpretations among laboratories may be
inconsistent (5). SR by time is commonly examined (1, 15, 19, 20, 23,
25, 26, 36, 37), and its relationship conforms to a mathematical
expression defined by a plateau with a one-phase exponential associ-
ation. Thus, to eliminate ambiguity in the determination of SO, SO
time was determined objectively as the mathematical starting point for
the exponential curve (24) using common curve analysis software.

Analytical variation. To determine the ventilated sweat capsule
measurement system CVa, measurements of SR were made in an
environmentally controlled chamber equipped with a sweating
guarded hot plate (Measurement Technology Northwest, Seattle, WA)
on five separate occasions. The environmental chamber was set at
40°C, 20% rH and hot plate temperature was set at 36°C, closely
approximating the testing environment and anticipated volunteer skin
temperatures. A sweating membrane was prepared with deionized
water and was secured to the hot plate, and a constant rate of
deionized water was fed to the plate targeted to achieve a 1.5–2
mg·cm�2·min�1 SR similar to that anticipated during later experi-
ments. This sweat rate was based on those observed during pilot work
using the same environmental conditions as those during experimental
testing. Prior to each measurement session, environmental conditions
were stable, the hot plate primed, and steady-state sweating was
achieved. Capsules were the same as were used in experimental
testing and were ventilated at a rate of 1.5 l/min. SR measures were
then made over five 4-min periods, and an average of the SRs was
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calculated. The CVa for sweat capsule measurement system perfor-
mance was then calculated from the five independent measures using
the naïve estimator (29) for the coefficient of variation [(SD/
mean)*100].

Biological variation. The total within-subjects (CVi) and between-
subjects (CVg) variation were computed by ANOVA according to
published methods (10). The magnitude of dynamic change required
to make a difference statistically significant, known as the reference
change value (RCV), was calculated as [RCV � 21/2·Z·(CVa

2 �
CVi

2)1/2] (Z is the number of standard deviations appropriate to the
desired probability), using a one-tailed test of significance in the
direction of biological plausibility. Four probabilities were selected
(0.80, 0.90, 0.95, and 0.99), which imply increasing strength against
the null hypothesis (Ho). Although this is a strict misinterpretation of
the P value complement (1 - P) (12), it communicates a more familiar
and intuitive probability construct (6, 9). The starting value of 0.80
was considered the minimum for importance (6). For visual display a
line relating probability (Y) with SR or SO (X) was best fit with the
equation Y � 1 � e�K·X (24). Against this background of probabilistic
change, the magnitude of effects reported for SR and SO in response
to various physiological perturbations (e.g., dehydration, age, and
altitude exposure) can be interpreted. When calculating RCV, no
consideration was made concerning the homogeneity of within-sub-
jects variances (14), because no diagnostic or population extrapola-
tions (6) were planned. The explanation for this rests on the educated
assumption (15, 35) that a probabilistic nomogram for sweating,
similar to what has been proposed for dehydration (6), would lose
validity under circumstances that altered sweating appreciably from
the conditions studied herein. The index of individuality was calcu-
lated as the ratio (CVa

2 � CVi
2)1/2/CVg (9) to describe the relative

proportions of variance within and between subjects.
Statistical analyses. Differences among repeated trials for SR and

SO were examined using a one-way repeated-measures ANOVA and
Tukey post hoc procedure when a significant F value was observed.
Differences between local forearm SRs and onset times were inves-
tigated using paired t-tests, as were AUC comparisons. We considered
meaningful any differences larger than the typical within-subjects SD.
Although this affords a large effect size (�1.0), it remains smaller
than many differences reported in the literature for perturbations in
sweating related to dehydration (23) or altitude exposure (20). An
analysis selecting conventional � (0.05) and 	 (0.20) parameters
showed that six subjects would provide sufficient power to detect the
desired effect. Ten volunteers were tested to guard against the poten-
tial for missing data due to attrition.

RESULTS

All volunteers completed the 5-day heat-acclimation proto-
col and all experimental and control trials. Volunteers demon-
strated classic physiological responses to repeated exercise-
heat exposure, which included a significant (P 
 0.05) decline
in HR and Tre measures from day 1 vs. day 5 (147 � 18 vs.
140 � 15 beats/min, and 38.27 � 0.25 vs. 37.81°C, respec-
tively). In addition, there was also a significant (P 
 0.05)
increase in day 1 vs. day 5 SR (1.11 � 0.25 vs. 1.24 � 0.26 l/h)

and a nonsignificant (P � 0.05) increase in walk time to
exhaustion (87 � 18 vs. 93 � 12 min). Volunteers were
considered euhydrated as the deviation in morning pre-exper-
imental trial body mass was 
 1.0%. Pretrial body mass
measures were 80.3 � 13.3 kg, 80.3 � 13.0 kg, and 80.2 �
13.6 kg (P � 0.05), indicating that volunteers were equally
hydrated prior to each experimental trial. Tre and HR values
were not different (P � 0.05) at rest or during exercise among
the three trials. Following 20 min of standing in 40°C, the
mean Tre and HR for all trials was 37.2 � 0.16°C and 90 � 9
beats/min. Resting local forearm SRs during the last 10 min of
standing were �0.5 mg·cm�2·min�1 in all trials (P � 0.05). At
the completion of exercise, the mean Tre and HR for all trials
were 37.97 � 0.21°C and 148 � 13 beats/min.

Analytical and biological components of variation. The CVa

for SR of the sweat capsule measurement system was 2.4% at
the targeted 1.5–2 mg·cm�2·min�1 SR. As the mathematical
precision for repeated measures for SO on the same data gives
a difference of zero, the CVa for SO was 0%. The CVi for SR
was 22.3% and for SO was 9.6%. The CVg for SR was 56.4%
and for SO was 41.0%. The ratio of variance within and
between subjects, or the index of individuality was 0.40 for SR
and 0.23 for SO (Table 1).

Local forearm SR and SO: repeated and bilateral measures.
Figure 1 depicts the mean values and absolute range for SR and
SO for each of the 10 volunteers over the 3 days of testing. The
local forearm mean SR values were not different (P � 0.19)
over 3 days of testing (2.14 � 0.72 vs. 2.02 � 0.79 vs. 2.31 �
0.72 mg·cm�2·min�1). Local forearm SO values were also not
different (P � 0.82) over the 3 days of testing (10.47 � 2.54
vs. 10.04 � 2.97 vs. 9.87 � 3.44 min).

Figure 2 depicts the left and right arm differences in local SR
and SO plotted against the line of identity and in relation to the
combined analytical and within-subject biological variation
(CVa

2 � CVi
2)1/2. Bilateral SR (2.14 � 0.72 vs. 2.21 � 0.70

mg·cm�2·min�1, P � 0.56) and SO (10.47 � 2.54 vs. 10.83 �
2.48 min, P � 0.09) were similar and between-day differences
(SR � 0.07 � 0.4 mg·cm�2·min�1; SO � 0.35 � 0.62 min)
were � 1 SD of day-to-day differences for a single forearm
(Table 1).

Figure 3A represents SR measures over time for the left and
right arms for the last 10-min of standing rest and 30-min of
walking exercise. The histogram in Figure 3B depicts the
bilateral comparison of the AUC values for SR for left and
right arms over the entire observation period. There were no
differences (P � 0.29) between SR AUC for left (58.2 � 21.4
mg·cm�2) vs. right (55.6 � 22.1 mg·cm�2) forearm measures
between the two trials.

Figure 4 depicts the change (x-axis) in local forearm SR and
SO plotted as a function of the statistical probability (y-axis)

Table 1. Components of analytical and biological variation

CVa CVi CVg (CVa
2 � CVi

2)1/2/CVg

Quantity % Units % Units % Units Ratio

Sweat rate, mg �cm2 �min�1 2.4 0.04 22.3 0.44 56.4 1.22 0.40
Sweat onset, min 0* 0.00* 9.60 0.98 41.0 4.16 0.23**

*Mathematical precision for repeat measures on the same data gives difference of zero; **Ratio for Sweat onset reduces to CVi/CVg when CVa is negligible.
Note: CVa 
0.5(CVi) increases CVi �3%; e.g., CVa 11% and CVi 22% results in (112 �222)1/2 � total measurement variation of 25%. CVa, analytical
imprecision; CVi, within-; and CVg, between-subjects’ coefficient of variation.
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that the change is significant using one-tailed Z values in the
direction of biological plausibility. Thus, they are depicted as
positive changes in sweating but could apply equally to antic-
ipated negative changes in sweating. A line with the equation
Y � 1 � e�K·X best fit the data for visual display (24). The gray
areas represent the CVi. The dashed projection in Fig. 4B
extends beyond the RCV 0.99 probability range to accommo-
date larger changes reported in the literature. The letter “a”
represents the changes reported in SR and SO for dehydration
(% body mass loss) (23), heat acclimation (1, 16, 36), age (1),
and menstrual cycle (19). The letter “b” represents the changes
reported in SR and SO for high altitude exposure (�4,500 m)
(20) and marked dehydration (5% body mass loss) (23). It is
important to be aware that observed changes that fall within the
CVi (gray area) are likely not meaningful. Also, note that the
largest change for SR (0.54 mg·cm�2·min�1) (19), relative to
the random day-to-day fluctuation (CVi), gives an effect size
(ES) of 1.0, but most studies show smaller effects (ES 
 0.25).
For SO, the smallest ES is � 4.0. According to the equation:
ES·(sample size)1/2 (30), 10 times as many subjects are re-
quired to have the same statistical confidence in the measured
outcome when using SR instead of SO.

DISCUSSION

This investigation was the first to describe the biological
variability for local SR measures and to determine the CVa of
a ventilated sweat capsule measurement system used to mea-
sure SR and SO under carefully controlled environmental

conditions. Local SR and SO were selected because they are
common thermoregulatory effector response measurement, and
knowledge of its biological variability is important for design-
ing experiments and interpreting results. In addition, this is the
first investigation to experimentally compare bilateral local
forearm SR and SO. The investigation was carefully designed
to control preanalytical factors such as circadian rhythm, hy-
dration state, exercise intensity, and acclimation status. Based
on the results of our experiments we conclude the following: 1)
sweat capsules contribute negligibly to sweat measurement
variation, 2) bilateral measures of SR and SO appear to be
interchangeable, 3) changes in SO afford a more favorable
signal-to-noise ratio compared with SR when studying factors
that potentially affect sweating. These results have important
implications for estimating sample size, effect magnitude, and
choice of research designs including use of interchangeable
bilateral measures when appropriate.

While modern laboratory methods are commonly associated
with small analytical variation (9), to our knowledge the CVa

of modern ventilated sweat capsule sweat measurement system
used in experimental research (8, 22, 28, 34, 39) has never been
determined. This is the first investigation to ascertain the CVa

of ventilated sweat capsules measurement system employing
unique methodology via an environmentally controlled cham-
ber and sweating guarded hot plate in environmental conditions
similar to those used during testing. In the present investiga-
tion, the CVa of the sweat capsule measurement system was
2.4% for SR and �0% for SO. As previously stated, knowl-
edge of CVa is important because it represents bias introduced

Fig. 2. Bilateral (right vs. left arm) differences in local forearm SR (A) and SO
(B) plotted against the line of identity and relative to the (CVa

2�CVi
2)1/2

(dotted lines) for each measure. LA, left arm; RA, right arm.

Fig. 1. Mean values (dot) and absolute range (bars) for local forearm sweating
rate (SR: A) and sweating onset (SO; B) for 10 volunteers measured 3 times
over 2 wk (30 measures). The differences between mean values represent the
variation between subjects, while the individual range around each mean
represents the variation within subjects.
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by the instrument itself each time a measurement is made (9).
It has also been suggested that the CVa of an ideal sweat
capsule measurement system should be 
 50% of the CVi to be
acceptable and 
 25% of the CVi to be optimal (9). As can be
seen in Table 1, the CVa for both SR and SO were 
 25% of

the CVi for both measures adding a maximal variability of 3%
to an individual measure (9) (see Table 1 for sample calcula-
tion). These findings demonstrate that the ventilated sweat
capsule measurement system used in local measurements of SR
and SO contribute negligibly to total sweat measurement vari-
ation.

This is also the first investigation to examine bilateral
differences for SR and SO. In the present investigation, SR and
SO of the left and right forearms were equivalent and bilateral
differences were within 1 SD of day-to-day differences of a
single forearm (Fig. 2), indicating that bilateral SR and SO
measures are interchangeable (Fig. 3). The concept that large
bilateral differences in SR and SO may exist is not unfounded.
Anatomical differences in sweat gland density (31) and differ-
ences in regional SRs among body sites have been reported
(26, 27). Despite these reported differences, we observed no
differences in SR or SO between arms, over repeated days
when using the same anatomical locus. This observation may
have an important application to the design of investigations
studying sweating either driven by pharmacological interven-
tion or via thermoregulation. In particular, studies requiring a
comparable control for an interventional treatment (e.g., drugs,
topical emollients) could utilize the contralateral limb/body
segment, thereby reducing difficulties associated with repeated
day testing in controlling preanalytical factors (hydration state,
circadian rhythm, sex hormones, sleep) and save in cost and
time.

The CVi observed in our study is only the second to be
reported for local SR (15) and the first to be reported for SO
time. The values we observed for SR (23.3%) exclude noise
from the CVa but are still greater than three times larger than
the �6% reported for the forearm by Hayden et al. (15). There
are many distinctions between our study and that of Hayden et
al., including differences in sudomotor drive and absolute SR
due to discrepancies in heat load, as well as differences in the
technology used to measure SR. Hayden et al. (15) also
calculated the CV using the naive estimator (29), which
slightly underestimates the true CV (7, 29). Knowledge of the
CVi for both SR and SO is important as the reproducibility of
any thermoregulatory effector response is a key to understand-
ing the potential effects of other variables on that parameter
(3). Greater variation in CVi and CVg as a result of sex could
be a concern with the inclusion of two women in the study
cohort. However, when the two women were removed from

Fig. 3. Local forearm SR measures over time for the LA and
RA for the last 10 min of standing rest and 30-min of walking
exercise are depicted in A where the dotted line indicates the
start of exercise. The histogram in B depicts the comparison of
the area under the curve values for SR over time for LA and
RA during the last 10 min of standing rest and 30 min of
walking exercise.

Fig. 4. Change (x-axis) in local forearm SR (A) and SO (B) plotted as a
function of the statistical probability (y-axis) that the change is significant. The
gray areas represent the CVi. The CVi for SR was larger than most of the
perturbations reported by many of the studies in the literature for SR (1, 16, 19,
23, 36). The dashed projection in B extends beyond the reference change value
(RCV) 0.99 probability range to accommodate larger changes in the literature.
The letter “a” represents the changes reported in the literature for SR (A) and
SO (B) for dehydration (23), heat acclimation (1, 16, 36); age (1), and
menstrual cycle (19). The letter “b” represents the reported changes in SR (A)
and SO (B) due to high altitude exposure (�4,500 m) (20) and severe
dehydration (5% body mass loss) (23). Observed changes that fall within the
CVi (gray area) are likely not meaningful. CVi, within subjects’ coefficient of
variation.
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analysis, the change in CVi and CVg was not appreciably
different and was no greater than when two random men were
removed from the analysis.

The potential utility of using biological variation to under-
stand thermoregulatory sweating has far-reaching implications
for research study design and methodology (15), statistical
analysis, and sample size considerations. The CVi for SR
(22.3%) and SO (9.6%) were relatively low. As can be seen in
Fig. 4A, the CVi for SR was larger than most of the perturba-
tions reported by many of the studies in the literature for SR (1,
16, 19, 23, 36). Furthermore, the probability that these changes
in SR were significant was generally low (
 0.80) with one
exception (20), which indicates a small effect magnitude (or
type I error when P 
 0.05) as the changes fall within the CVi.
In contrast, as depicted in Fig. 4B, the perturbations reported in
the literature for SO were well outside the CVi and the
probability that these changes were significant were � 0.95 (or
type II error when P � 0.05).

What can be taken from this analysis is that SO is far more
sensitive to laboratory perturbations in thermoregulatory
sweating than SR. By way of example, analysis of the mean
data presented by Montain et al. (23) shows that SO is delayed
by almost 1 min for each 1% loss of body mass by sweating
(dehydration), whereas the same perturbation altered SR by
only 0.08 mg·cm�2·min�1. SO is also commonly examined
and can be determined using a simple, objective method (24)
free of bias inherent in other methods (5). For example, there
is no consensus methodology in the literature for analysis of
sweating sensitivity and the choice of which phase of the
sweating response to analyze (early vs. late) contributes to
greater measurement variation and inconsistencies among lab-
oratories performing these analyses (5). In addition, the core
temperature threshold for sweating has already been shown to
be highly reproducible (0.1°C) within subjects (3). In contrast,
SR is a simple, unambiguous measure commonly made using
precision sweat capsules (5, 13) and SO (1, 16, 17, 19, 23, 36)
is also commonly used and can be objectively determined.

Finally, the index of individuality, or the ratio (CVa
2 �

CVi
2)1/2/CVg, is typically 
 1.0 since variability between

subjects is greater than variability within subjects for most
biological measures (9). This was also the case in the present
study, where the variability in both SR and SO was substan-
tially greater between than within subjects (Table 1). The
importance of this ratio relates to the design of experiments and
sample size estimates for between-, rather than within-group
research designs, such as when making sex or age-related
comparisons in sweating. It is important to note that the SR and
SO measures reported in this investigation are specific to the
environmental conditions utilized during testing and the exer-
cise workload employed, both of which can greatly impact Pcrit

(2). The impact of fitness, acclimation state, age, and other
phenotypic characteristics (e.g., body surface area) of the
volunteers, not to mention factors such as sweat gland ultra-
structure, sweat gland density, and neurotransmitter release/
responsiveness on CVg would logically be minimized by group
stratification (9). The effects on CVi are presumably much
smaller since these factors would not change from day to day
for the same person. Although the CVa among laboratories
might differ due to use of varied flow rates or differences in
capsule size, the small CVa observed herein suggests labs using
common systems that contain the same sensors to measure

humidity and temperature should achieve comparable impre-
cision. However, every laboratory should know (and report)
the CVa for the setup they use, similar to how CVa is com-
monly reported for biochemistry assays.

Perspective and Significance

On the basis of the findings of this investigation, we con-
clude that given the low CVa, ventilated sweat capsules mea-
surement systems introduce negligible sweat measurement
variation. Also, bilateral measures of SR and SO appear to be
interchangeable, which has important applications/implications
to study design, particularly those involving interventional
treatments where a comparable control is required. Finally,
given the smaller variation in SO and the large impact (effect
magnitude) of common perturbations on SO (1, 16, 19, 23, 36),
it appears to be a very sensitive measure for studying thermo-
regulatory effector responses. In addition, SO would require
fewer volunteers than SR when estimating study sample size
(30). Although the probability curves and associated change
values for SR and SO (Fig. 4) are specific to the conditions
tested herein, the principal contributions of this and recently
related works (5) will assist thermal physiologists in the quan-
titative and qualitative study of thermoregulation.
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